This study examined the effect of a single bout of exercise on measures of attention and impulsivity in children with attention deficit/hyperactivity disorder (ADHD). Children with ADHD (n = 21, 11.3 ± 1.8 yrs) and children without ADHD (n = 21, 11.6 ± 1.9 yrs) participated in the study. After performing an initial exercise test to measure peak aerobic exercise capacity, the children reported to the laboratory for 2 additional trials. For children with ADHD one trial was performed off medication and the other trial occurred on medication. During each testing session the Connor's Continuous Performance Test II (CCPT II) was performed immediately before and after 20 minutes of intermittent exercise (30 sec exercise/30 sec rest) at 90% of peak aerobic work rate. Errors of omission, errors of commission, and reaction time (t-scores) were assessed from the CCPT II. The data were analyzed with a 3-way (group x trial x time) MANOVA. There was a significant increase in the error of omission t-score over time (pre to post exercise). There were no significant findings for the error of commission t-score. In the ADHD group the reaction time score was significantly higher than children without ADHD, significantly decreased with medication, and significantly increased over time. No other interaction or main effects were observed. Further research identifying the optimal exercise intensity and duration that can improve behavior, neurocognitive function, and academic performance is warranted.
Introduction

Statement of the Problem
Attention deficit/hyperactivity disorder (ADHD) is a neuropsychological disorder that is manifested by poor attention and hyperactive and impulsive behaviors. These behaviors are very disruptive to children's social and cognitive development, and impair academic progress (Barkley, 1998; Biederman, 2005; Biederman & Faraone, 2005; Greenhill, 1998) . The most common form of treatment for ADHD is the prescription of stimulant medications such as methylphenidate and amphetamine (Bennett, Brown, Craver, & Anderson, 1999) . These medications, although not a cure for ADHD, improve many of the maladaptive behaviors associated with the disorder by presumably enhancing dopaminergic and noradrenergic activity in the central nervous system (Swanson & Volkow, 2009; Volkow et al., 1998; Wilens, 2006) . However, apprehensions regarding the side effects associated with stimulant medication use (Bennett, et al., 1999; Biederman & Faraone, 2005; Wolraich, McGuinn, & Doffing, 2007) raise concerns among some parents about this treatment option (Charach, Skyba, Cook, & Antle, 2006) .
Alternative or in combination with the use of stimulant medication are other forms of treatment. Specifically, counseling and behavior modification methods may serve to supplement stimulant medication use and prove effective in the overall management of ADHD (AAP, 2001; Benner-Davis & Heaton, 2007; Wolraich, 1997) . Another form of non-pharmacological treatment that may have promising benefits in children with ADHD, and has been the subject of both anecdotal (Bass, 1985; Higdon, 1999) and experimental reports (Berwid & Halperin, 2012; Chang, Liu, Yu, & Lee, 2012; Medina et al., 2010; Pontifex, Saliba, Raine, Picchietti, & Hillman, 2013; Tantillo, Kesick, Hynd, & Dishman, 2002; Verret, Guay, Berthiaume, Gardiner, & Beliveau, 2012) , is the effect of exercise on behavior and neurocognitive function. Indeed, although a wealth of empirical evidence is lacking, exercise may stimulate the brain in a manner that is similar to the effect of stimulant medication (Tantillo, et al., 2002) .
Purpose and Hypotheses
Ascertaining the benefits of exercise in children with ADHD is necessary in order to determine the potential therapeutic use. Therefore, this study was designed to examine the effect of a single bout of vigorous aerobic exercise on performance on the Conner's Continuous Performance Test II (CCPT II (Connors & Staff, 2002) ) in boys and girls with and without ADHD. For children with ADHD, trials were conducted with and without the influence of medication. It was hypothesized that in the absence of medication, exercise would significantly improve CCPT II performance in children with ADHD so post-exercise performance on the CCPT II would be similar to the performance observed in children with ADHD on medication and in children without ADHD.
Method
Participants
Twenty-one children without ADHD (10 boys and 11 girls) and 22 children with ADHD (20 boys and 2 girls) and currently using stimulant medication were subjects in this study. All children were between 8 and 14 years of age and comprised the full range of pubertal stages (1 to 5) based on Tanner's indices of pubic hair development (Tanner, 1962) according to self/parental assessment. As established by parental report, children without ADHD had no known history of neuropsychological disorders or were using medication for such disorders. For children with ADHD a diagnosis consistent with Diagnostic and Statistical Manual for Mental Disorders-Fourth Edition, Text Revised procedures (APA, 2000) was confirmed in 20 of the children by the child's physician. Children with ADHD also were on a stable dose of stimulant medication for 6 months or longer and were free of any other known neuropsychological disorder and use of other medications according to parental report. Children were required to report to the laboratory on four separate days for testing. The cardiorespiratory and perceptual responses to the graded exercise test obtained from participants in this study were previously published (Mahon, Woodruff, Horn, Marjerrison, & Cole, 2012) .
Instruments
The Kaufman Brief Intelligence Test (K-BIT IQ) was designed to assess individuals between the ages of 4 to 90 years. The K-BIT IQ Composite score is composed of the Vocabulary and Matrices subtests and has a mean of 100 and a standard deviation of 15. Test-retest reliability was reported as .92 for the K-BIT IQ Composite score, .86 for the Vocabulary subtest, and .83 for the Matrices subtest children from age 5 to 12 (Kaufman & Kaufman, 1990) . For children age 13 to 19, test-retest reliability was reported as .93 for the K-BIT IQ Composite score, .96 for the Vocabulary subtest, and .80 for the Matrices subtest. The K-BIT manual (Kaufman & Kaufman, 2004) reported strong concurrent validity with Wechsler Intelligence Scale for Children-Revised (WISC-R) demonstrating a high correlation of .80 between the WISC-R Full Scale IQ and K-BIT IQ Composite.
The Behavior Assessment System for Children (BASC (Reynolds & Kamphaus, 1998) ) was developed to assess behavior and personality of individuals between the ages of 2 ½ and 18. The BASC consists of the three different scales: Teacher, Parent, and Self-Report. For the present study, only the Parent Rating Scale (PRS) was utilized. The PRS is composed of several composites (Externalizing Problems, Internalizing Problems, and Adaptive Scales) and is completed by the parent. The Externalizing Problems composite is comprised of the Aggression, Hyperactivity, and Conduct Problems scales, while the Internalizing Problems composite is composed of the Anxiety, Depression, and Somatization scales. The Attention Problems scale does not contribute to either of the aforementioned composites. For this study, the Hyperactivity and Attention scales were considered to affirm the diagnosis of an attention disorder. For the Hyperactivity and Attention Problems scales, a t-score of 41-59 is Average, 60-69 is At-Risk, and 70 and above is Clinically Significant. Test-retest reliability for the Hyperactivity scale ranges are considered high with median values ranging from .77 to .88 across all age groups (Reynolds & Kamphaus, 1998) . In addition, median values for the Attention Problems scale ranged from .78 to .92 across all age groups. Correlations with the Child Behavior Checklist (CBCL (Achenbach, 1991) ) demonstrated good concurrent validity. Correlations between the Externalizing Composite on the CBCL and the BASC Hyperactivity scale ranged from .61 to .75, while the correlations between the CBCL Attentions Problems scale and the BASC Attention Problems scale ranged from .67 to .78. measures authors note that the CCPT II is sensitive to medication change and can be used to assess improvement or deterioration related to drug dosage. The CCPT II is often used as one of the measures when assessing individuals who are at-risk for attention disorders. Research also has demonstrated that poor performance on the CCPT II is highly correlated with the presence of ADHD (Hale et al., 2009 ). Test-retest reliability (.87) with individuals diagnosed with attention disorders is considered good (Connors & Staff, 2002) . The discriminant validity of the CCPT II has been well established where scores have been found to be significantly different for normal compared to individuals with attention problems (Connors & Staff, 2002; Hale, et al., 2009 ).
Procedures
Upon the first visit to the laboratory, parental permission and child assent were obtained. Height and weight were measured and age was recorded. Parents completed the hyperactivity and attention subscales of the BASC. For children without ADHD a parent completed one assessment. For children with ADHD, a parent completed two assessments. One assessment was to gauge their child's present status and the other assessment was a retrospective view of the child's behavior at the time of diagnosis. The K-BIT also was administered to each child. A parent of each child with ADHD provided information regarding their child's medication type, daily dose, years since diagnosis, and years on medication. The child then performed a practice test version of the CCPT II to become familiar with the procedures utilized during visits three and four. After this a practice graded exercise test was performed in order to allow the child to become acquainted with the exercise test procedures that were used in the next visit. This test was performed on an electrically-braked cycle ergometer (Lode, Groningen, The Netherlands) and began at 25 Watts (W) for 2 minutes and increased by 25 W every 2 minutes until a near maximal effort was reached. After a short rest, each child practiced a few repetitions of the intermittent exercise protocol that was used during the third and fourth visits. Heart rate (Polar Monitor) and rating of perceived exertion (RPE) using the OMNI 0-10 scale (Robertson et al., 2000) were assessed during the practice test. Prior to the exercise bout a standardized set of instructions was read by each subject regarding the use of the RPE scale.
On the second visit the child's peak exercise capacity during cycle ergometry was assessed. A graded exercise test protocol was used and the test commenced at 20 Watts (W) and increased by 20 W every 2 minutes to approximately 100-140 W; thereafter, the work rate increased by 10 W per minute until voluntary termination by the child despite strong verbal encouragement. HR and RPE were assessed throughout the exercise test. Peak work rate was based on a work rate value that was prorated based on the length of time for the final test stage (Bar-Or, 1983) . Children with ADHD performed this test on medication as a previous study indicated medication use may affect peak exercise capacity (Mahon, Stephens, & Cole, 2008) .
The experimental conditions were carried out during the third and fourth visits to the laboratory. The procedures required the child to perform the CCPT II immediately prior to exercise, undertake a 20-minute intermittent, high-intensity exercise protocol on the cycle ergometer followed immediately thereafter with another CCPT II. The 20-minute exercise bout was preceded by a 3-minute warm-up after which the child performed 30 seconds of exercise at 90% of peak working capacity, followed by 30 seconds of stationary rest. This exercise protocol resulted in a total of 10 minutes of high intensity exercise. An intermittent protocol was selected to facilitate compliance with completing each trial. HR and RPE were assessed throughout the exercise bout. Children with ADHD were assigned to perform one trial after 18-24 hours off-medication and the other trial 1-2 hours after ingesting their usual dose of medication in the morning in a counterbalanced manner. Given the half-life time course for amphetamine and methylphenidate, an 18-24 hours washout period is sufficient for conducting a trial off medication (Bennett, et al., 1999) . Similarly, for the trial conducted on medication, peak behavioral effects of amphetamine and methylphenidate occur within 2 hours of consumption (Bennett, et al., 1999) . For each subject in both groups these trials were carried out at approximately the same time of day.
Research Design
This study employed a mixed (within and between) subject research design. Group served as the between subject factor whereas trial and time served as within subject factors. Assignment to group was based on ADHD diagnosis. Trial order (with and without medication) for the children with ADHD was counterbalanced. The time factor represents before and after exercise assessments.
Results
Statistical Analysis
The physical characteristics (age, height, and weight), standardized K-BIT, BASC, and peak exercise responses were compared between groups using an independent t-test. A 3-way (group by trial by time) MANOVA was used to examine CCPT II performances, specifically the t-scores for errors of omission, errors of commission, and reaction time. Univariate ANOVA and Bonferroni post-hoc tests were used to isolate specific differences that resulted from main and interaction effects from the MANOVA. Because the initial MANOVA analysis with all subjects indicated a violation of Box's test of equality of covariance matrices, one subject from the ADHD group was randomly deleted so that all analyses were based on groups with equal sample sizes. Thus, the sample size used for these comparisons was 21 children in each group. Comparing groups of equal sample size serves as a means to make the MANOVA test conditionally robust to this violation (Stevens, 2002) . All data are presented as means ± standard deviations. A P-value of  0.05 defined statistical significance.
Physical Characteristics and Medication Use
The physical characteristics of the participants are shown in Table 1 . Both groups were of a similar (p > 0.05) age, but the control group tended to be taller (p = 0.08) and was heavier (p  0.05) than the ADHD group. For the children with ADHD, the average medication use per day was 32.0 ± 14.7 mg or 0.86 ± 0.35 mg/kg. Time since ADHD diagnosis was 4.7 ± 2.2 years and time on medication was 4.5 ± 2.1 years. Twelve children with ADHD were using methylphenidate and 9 children were using amphetamine for treatment. As for medication release type, 5 children were using immediate release and 16 children were using extended release versions of the medication. 
Peak Exercise Responses
Work rate, heart rate and RPE at peak exercise were 116.2 ± 34.6 W, 200 ± 11 bpm, and 9.6 ± 1.2, respectively in the children with ADHD. In the control group these measurements were 129.4 ± 31.4 W, 202 ± 9 bpm, and 9.8 ± 0.8. There were no differences between groups for any of these variables.
BASC and K-BIT
The behavior (BASC) and intelligence scores for each group of children are listed in Table 2 . There were no differences between groups with respect to the K-BIT score. At present, both the BASC hyperactivity and attention scores were higher (p  0.05) in the children with ADHD child than in the control group. Also shown in Table 2 are the retrospective BASC scores for hyperactivity and attention in the children with ADHD. Past BASC Attention 74.7 ± 11.3 ADHD (n = 21); Control (n = 21); a = P  0.05
Effect of Exercise on CCPT II Performance
Performances on the CCPT II for both groups of children are shown in Table 3 . Significant findings were noted for the group and time main effects, and the trial by group and time by group interactions. Specifically, reaction time t-score was higher in the ADHD group than in the control group and the error of omission t-score was www.ccsenet.org/jedp
Journal of Educational and Developmental Psychology Vol. 3, No. 2; 2013 higher in the post-exercise period compared to the pre-exercise measure. The group by trial interaction indicated the reaction time t-score was higher (p  0.05) in the ADHD group in both trials versus the control group; the reaction time t-score also decreased (p  0.05) from the first trial (off-medication) to the second trial (on-medication). The group by time interaction indicated the t-score for reaction time was higher (p  0.05) in the ADHD group versus the control group both before and after exercise, this t-score also increased (p  0.05) over time in the ADHD group, but not in the control group. There were no significant findings for the trial main effect and the trial by time and group by trial by time interactions. ADHD (n = 21); Control (n = 21); CCPT II variables expressed as t-scores; a = P  0.05 group effect; b = P  0.05 time effect; c = P  0.05 group-by-trial interaction; d = P  0.05 group-by-time interaction; Trial 1 = off medication for ADHD; Trial 2 = on medication for ADHD; Om = errors of omission; Cm = errors of commission; RT = reaction time
Discussion
This study examined the effect of an acute bout of aerobic exercise on indices of attention and impulsivity, as measured by the CCPT II, in a group of children with ADHD as well as in children without ADHD. Specifically, measurements of commission errors, omission errors, and reaction time were assessed. These measurements were obtained in children with ADHD in both the medicated and non-medicated states. It was hypothesized that in the non-medicated state exercise would improve performance on the CCPT II in children with ADHD so that there would be no difference between groups or with the effects observed on medication.
That the exercise stimulus used in the present study failed to improve performance on the CCPT II in children with ADHD when examined without medication does not support the study's hypothesis. However, this outcome is in accordance with results reported by Craft (1983) who found that exercise durations of 1-, 5-and 10-mnutes at a heart rate of ~170 bpm had no effect on cognitive performance on the WISC-R (Digit Span and Coding B) and the Illinois Test of Psycholinguistic Abilities in hyperactive boys compared to a no exercise trial. In contrast, there are a number of studies reporting positive effects of a single bout of exercise on neurocognitive function in children with ADHD (Chang, et al., 2012; Medina, et al., 2010; Pontifex, et al., 2013; Tantillo, et al., 2002) . For example, Tantillo et al. (2002) reported that motor impersistence score improved following a graded exercise to maximum in boys, but not girls with ADHD or in a control group. Studies by Chang et al. (2012) , Medina et al. (2010) , and Pontifex et al. (2013) also reported acute exercise improved behavior-based assessments in children with ADHD. The study by Medina et al. is particularly interesting because they employed an exercise bout nearly identical to the exercise bout used in the present study and showed improved performance on 6 of 13 measurements from the CCPT II in comparison to a control (stretching exercise) condition. Studies by Chang et al. and Pontifex et al. used a continuous exercise protocol on a treadmill. In the Chang et al. study, children with ADHD exercised for 30 minutes (20 minutes at HR of ~150 bpm). Following exercise performance on the Stroop Test and the Wisconsin Card Sorting Test was improved; no improvement was observed in a non-exercising group of children with ADHD. Pontifex et al. had children exercise on a treadmill for 20 minutes at 65-75% of maximal heart rate. Following exercise, children with ADHD showed improvement on response accuracy and post-error slowing of reaction time on an inhibitory control task (modified Eriksen flanker test). A control group of children without ADHD also showed pre-to post-exercise improvement in response accuracy, but not post-error slowing of reaction time. In the studies by Medina et al., Pontifex et al., and Tantillo et al. the results were observed in the absence of medication use on the day of testing. It is not entirely clear whether acute use of medication on the day of testing influenced the results in the study by Chang et al.
In order for exercise to be considered as an effective component in the overall treatment and management plan for individuals with ADHD, it is necessary to understand the characteristics of the exercise dose and how these characteristics are linked to positive outcomes. In regard to the dose of a single bout of exercise needed to elicit a positive effect both the duration and the intensity of exercise performed need to be considered. With respect to duration, there may be a threshold below which positive effects are not likely. The present study and the study by Craft (1983) employed exercise protocols that did not exceed 10 minutes in duration and also failed to report a positive effect on neurocognitive function. In contrast, other studies (Chang, et al., 2012; Medina, et al., 2010; Pontifex, et al., 2013; Tantillo, et al., 2002) examining the effect of a single bout of exercise on neurocognitive function in children with ADHD, and reporting positive effects, utilized exercise protocols that lasted for longer durations (~20 minutes). Likewise, the exercise intensity necessary to evoke a positive response needs to be considered. In the present study a high intensity exercise protocol was used (90% of peak aerobic work rate) whereas Craft employed a moderate exercise intensity (HR = ~170 bpm). Neither of these studies showed exercise improved neurocognitive function. However, other studies employing similar exercise intensities (Chang, et al., 2012; Medina, et al., 2010; Pontifex, et al., 2013; Tantillo, et al., 2002) as well as one which used a progressively increasing exercise intensity (Tantillo, et al., 2002) protocol all reported positive outcomes. Since the exercise intensity component does not seem to vary between studies showing no effects versus studies showing positive outcomes, it would appear that moderate to vigorous exercise intensity is necessary to evoke a positive effect on neurocognitive function, but only if the duration of exercise is adequate. It also is useful to consider whether any acute effect of exercise can be amplified with regularly performed exercise. In this regard, Veret and colleagues (2012) had children with ADHD participate in a 10-week structured exercise program (3 d/wk, 45 min/d, 77% of maximal heart rate). Some but not all the children were on medication during this study. Improvements in some aspects of behavior were noted by parents and teachers using the CBCL. Attention and time target pondering on the Sky Search component of the Test for Everyday Attention in Children also were improved following the exercise program. All of these improvements were in comparison to a control group of children with ADHD who did not participate in the exercise program. Collectively this information is supportive of a positive benefit of exercise on neurocognitive function in children with ADHD. However, as suggested by Pontifex (2013) , more research is needed to establish the optimal exercise intensity and duration stimulus that positively impacts behavior, neurocognitive function, and academic performance in children with ADHD as are carefully controlled studies examining the outcomes associated with regularly performed exercise (Berwid & Halperin, 2012) .
The mechanism by which exercise improves neurocognitive function in individuals with ADHD is unclear, but there are a number of possible means by which improvement will occur. From a neurochemical standpoint, aerobic exercise has been shown to increase dopamine concentration the neostriatum and nucleus acumbens in rodents (Sutoo & Akiyama, 1996) ; diminished dopaminergic activity in these areas of the brain are directly involved with ADHD (Biederman, 2005; Biederman & Faraone, 2005; Sagvolden & Sergeant, 1998) . In a study involving children with ADHD, Tantillo et al. (2002) examined the acute effect of aerobic exercise on several noninvasive indices of dopaminergic activity in the brain including spontaneous eye blink rate, acoustic eye blink startle response, and acoustic eye blink startle response latency. From pre-to post-exercise, eye blink rate increased in boys with ADHD, acoustic startle eye blink response amplitude increased in girls with ADHD, and acoustic startle eye blink response latency decreased in both boys and girls with ADHD. All these responses are consistent with increased dopaminergic activity in the brain. No changes were observed in any of these responses in children without ADHD. Additionally, Pontifex et al. (2013) examined event related potentials associated with the regulation of executive control from electroencephalogram recordings and observed improvements in some of these indices in children with ADHD following exercise. More intriguing is the consideration as to whether regularly performed exercise can induce long-term structural and functional changes in brain activity that attenuate behavioral problems associated with ADHD (Berwid & Halperin, 2012) .
Although the hypothesis of the study was not supported by the results, there are nonetheless several significant findings that warrant discussion. A group effect was noted with respect to reaction time. In particular reaction time performance was lower in the ADHD group compared to the control group. This finding is consistent with the nature of the disorder and the effect it has on vigilance and concentration (Sagvolden & Sergeant, 1998) . There also was a time effect that indicated exercise might actually worsen performance on the CCPT II as indicated by a significant increase in the error of omission t-score from pre-to post-exercise. The group-by-trial and group-by-time interaction effects also were significant for reaction time. The group-by-trial effect indicates that the performance on this aspect of the CCPT II improved in the ADHD group from the non-medication trial to the medication trial; an outcome consistent with the known effects of stimulant medication. The group-by-time interaction effect indicates that reaction time worsened slightly, but significantly, in the ADHD from pre-post-exercise and is consistent with the time main effect noted above.
Limitations
There are some limitations in the current study, which should be acknowledged. First, there were variations in the medication type and dose amount used by the children in this study. It is recognized that ideally these two factors would have been constant; however, a similar variation in medication use is apparent in recent studies that examined stimulant medication effects on exercise responses (Mahon, et al., 2008; Mahon, et al., 2012) . Second, although approximately equal numbers of males and females comprised the control group, there were only two females in the group with ADHD. However, given that ADHD is diagnosed at a much higher frequency in boys than in girls it is not surprising this is the case (Benner-Davis & Heaton, 2007; Castle, Aubert, Verbrugge, Khalid, & Epstein, 2007; Gershon, 2002) . Third, there was variation among the children with ADHD with regard to ADHD sub-type classification. Based on parental report 5 children were inattentive sub-type, 5 children were hyperactive/impulsive sub-type, 8 children were combined sub-type, and 3 parents were unable to classify their child's ADHD sub-type. It is not certain whether the variation among the children with respect to ADHD sub-type impacted the outcome of the study. Another limitation of this study is that several children had difficulty completing the 20-minute exercise bout. Specifically, 4 children with ADHD and 1 child without ADHD terminated the trial prior to completing all 20 of the 30-second exercise intervals. However, all these children completed 16 to 19 of the 20 intervals and this was deemed sufficient for inclusion in the analyses and it is unlikely this had a negative impact on the results. Lastly, because the children were using their prescribed medication and majority were using extended release capsule version of their medication it was not practical to carry-out the experimental protocol in a blinded or dose-controlled manner.
Summary
In summary this study examined the effect of an acute bout of exercise on CCPT II performance in children with ADHD. It was anticipated that exercise in the non-medicated state would improve reaction time and measure of errors of omission and errors of commission in children with ADHD compared to a control group and a trial performed on medication. However, this was not case and may have been due to an insufficient stimulus with respect to exercise duration. Identifying the optimal exercise stimulus and conditions that improve cognitive and behavioral function in this population is warranted.
